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ABSTRACT—Phylogenetic relationships among 12 species of the genus Draco were inferred from 779
base pairs of mitochondrial 12S and 16S rRNA genes and allozymes for 20 presumptive loci. Results indi-
cated the presence of at least four distinct lineages within the genus. The first lineage consists of D. volans
and D. cornutus, whereas the second only of D. lineatus, which exhibits a great genetic divergence between
two subspecies. The third is monotypic with D. dussumieri, the only species distributed in southern India. The
fourth included all the remaining species. The third and fourth lineages are supposed to exclusively share a
common ancestor. It is likely that the common ancestor of whole Draco originally diverged into three groups,
the ancestors of the first, second, and third and fourth lineages, by vicariance. In the fourth lineage, D.
blanfordii, D. haematopogon, D. melanopogon, D. obscurus and D. taeniopterus are likely to be exclusively
close to each other. The resultant phylogenetic tree contradicts the dichotomous relationships previously
hypothesized on the basis of morphological characters.
INTRODUCTION
The genus Draco Linnaeus, 1758, consisting of some 21
species, is one of the most prominent genera of the family
Agamidae, characterized by the presence of patagium (a wing-
like skin-extension, supported by elongated ribs, along the
flank). This genus is distributed in southern India and through-
out Southeast Asia (Fig. 1). Based on morphological charac-
ters, Hennig (1936), Inger (1983) and Musters (1983) revised
the taxonomy of Draco. However, phylogenetic relationships
among its species are still poorly understood. Hennig (1936)
briefly discussed diversification of Draco by assuming two
major groups on the basis of the number of ribs supporting
patagium — 5 or 6. However, this view was negated because
of the presence of variation in the patagium rib number among
obviously closely related populations (Musters, 1983). Mus-
ters (1983) also recognized two major lineages within the ge-
nus, that are, however, characterized by the direction of nos-
trils — outward or upward. His phylogenetic hypothesis was
derived from the clustering of the distance matrix from mor-
phological characters without an outgroup. It is argued that
such a clustering suffers fundamental problems in construct-
ing a phylogenetic tree (e.g., Wiley, 1981).
Karyological studies sometimes give fruitful information
to the classification and phylogenetic inference of agamid liz-
ards (e.g., Kupriyanova, 1984; Moody and Hutterer, 1978; Ota,
1988; Ota et al., 1992; Sokolovsky, 1974). However, recent
karyological surveys indicated that the karyotype of Draco is
conservative, and that the divergence within the genus has
been accompanied by little chromosomal differentiation (Ota
and Hikida, 1989).
Analysis of sequence variations in some mitochondrial
DNA genes, such as 12S and 16S ribosomal RNA (rRNA), is
effective for estimating phylogenetic relationships among
closely related species (e.g., Hedges and Bezy, 1993; Hedges
et al., 1991; Reeder, 1995). Allozyme electrophoresis is also
useful to infer phylogenies of closely related species and popu-
lations (e.g., Hillis, 1985). In the present study, we analyze
data for mitochondrial DNA sequence and frequency of
allozyme alleles in Draco species. Our purposes are: (1) to
assess the infrageneric phylogenetic hypothesis on Draco
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Fig. 1. A map of Southeast and South Asia showing distribution of Draco. Following five areas are recognized on the basis of distributional
patterns in Draco and other taxonomic groups: 1, Southern India; 2, Indo-China Peninsula; 3, Malay Peninsula and Greater Sunda Islands
exclusive of Sulawesi; 4, Lesser Sunda Islands, Sulwaesi and Maluk Islands; 5, Philippines.
proposed by Musters (1983) and, when necessary, to submit
an alternative hypothesis; and (2) to discuss the historical bio-
geography of the genus on the basis of the best fitting hypoth-
esis determined in the above process.
Taxonomy of Draco
Linnaeus (1758) described Draco with volans from Java.
Although some authors (e.g., Fitzinger, 1843) once split Draco
into two genera, no questions have recently been posed on
the monophyly of this genus, because of the exclusive pos-
session of the highly specialized patagia for gliding by all of
its members (e.g., Colbert, 1967).
Within the genus, however, taxonomy is much confused
even at present, largely because of the presence of extensive
intraspecific variation in morphological characters (Inger, 1983;
Schlegel, 1844). Günther (1864), Boulenger (1885) and de
Rooij (1915) recognized 14, 21 and 24 species, respectively,
although the last author listed only species of Indo-Australian
Archipelago. Hennig (1936) revised the genus and lumped
62 of the 64 nominal taxa described to that date into 14 valid
species and 19 valid subspecies.
Recently two authors simultaneously revised the species
taxonomy of Draco on the basis of morphological features
(Inger, 1983; Musters, 1983). Despite their concurrency and
methodological similarity, accounts of these authors substan-
tially differed from each other. Musters (1983) recognized fol-
lowing 15 species (and 19 subspecies) for the genus: D.
blanfordii (D. b. blanfordii, D. b. indochinensis and D. b.
norvillii), D. cornutus, D. dussumieri, D. fimbriatus (D. f.
fimbriatus and D. f. hennigi), D. haematopogon, D. lineatus
(D. l. lineatus, D. l. beccarii, D. l. bimaculatus, D. l,
bourouniensis, D. l. modiglianii, D. l. ochropterus, D. l. rhytisma
and D. l. spilonotus), D. maculatus (D. m. maculatus, D. m.
divergens, D. m. haasei and D. m. whiteheadi), D. maximus,
D. melanopogon, D. mindanensis, D. obscurus (D. o. obscurus,
D. o. formosus and D. o. laepitecus), D. quinquefasciatus, D.
spilopterus, D. taeniopterus, and D. volans (D. v. volans, D. v.
boschmai, D. v. reticulatus, D. v. sumatranus and D. v.
timorensis). He also listed D. affinis as a valid species tenta-
tively because no specimens of this species were available
and the description by previous author (Bartlett, 1894) did not
provide any useful information regarding its validity. However,
he did not include D. affinis in his discussions because he
thought this species might be a synonym of D. v. sumatranus.
We thus did not include D. affinis in the following discussions,
either. On the other hand, Inger (1983), while recognizing 15
species and no subspecies, synonymized D. cornutus and D.
spilopterus with D. volans, and revalidated D. bimaculatus (a
subspecies of D. lineatus in Musters, 1983) and D. cristatellus
(a synonym of D. fimbriatus in Musters, 1983) as full species.
Since then, three additional species, D. biaro and D.
caerulhians from the Sangihe Archipelago, and D. jareckii from
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the Batan and Babuyan Islands, have been described (Lazell,
1987, 1992), and three species from the Philippines, D.
bimaculatus (see above), D. everetti (a synonym of D. v.
reticulatus in Musters, 1983) and D. ornatus (a synonym of D.
spilopterus in Musters, 1983) have been revalidated (Ross
and Lazell, 1990).
Although Inger (1983) examined three species groups of
this genus (D. volans including D. cornutus and D. spilopterus,
D. cristatellus and D. fimbriatus, and D. blanfordii, D. obscurus
and D. taeniopterus) in detail, there still exist some problems
in their classification (e.g., on the validity of D. cornutus: Honda,
et al., 1999). Because the work by Musters (1983), deriving
from examination of samples much greater than those of Inger
(1983), seems to be more comprehensive and is accompa-
nied by a hypothesis on the infrageneric phylogeny, we chiefly
regarded his classification as the most recent working hypoth-
esis, from which our study should start. Of the six species
described or revalidated more recently (see above), D. biaro,
D. bimaculatus and D. caerulhians were tentatively assumed
to be closest to D. lineatus, D. ornatus to D. spilopterus, and
D. everetti and D. jareckii to D. volans in the phylogenetic and
biogeographical discussions. We have had no chances to
examine those six species, and these a priori assumptions
are based on their morphological similarities that are seem-
ingly obvious from descriptions in Musters (1983), Lazell (1987,
1992) and Ross and Lazell (1990).
MATERIALS AND METHODS
Samples analyzed
A total of 25 specimens belonging to 16 species/subspecies of
Draco and 176 to 15 species/subspecies of the genus were, respec-
tively, subjected to DNA and allozyme analyses (Table 1). Voucher
specimens were deposited in the herpetological collection of the De-
partment of Zoology, Kyoto University (KUZ) (Appendix 1).
Livers, removed from anesthetized specimens, were stocked at
–80°C until experiments. Conspecific and consubspecific samples from
Malay Peninsula and Borneo were designated as separate opera-
tional taxonomic units (OTUs), because in a few species (e.g., D.
haematopogon and D. quinquefasciatus: Hennig, 1936; Taylor, 1963)
morphological differentiations have been reported for populations from
these two regions. In his phylogenetic analysis of Agamidae based
on the weighted Wagner tree algorithm, Moody (1980) hypothesized
the sister group relationship of Draco with Ptyctolaemus and placed
Aphaniotis as one of the closely related genera to this clade. Thus,
we selected two species, Aphaniotis fusca and Ptyctolaemus
phuwuanensis, as outgroups among non-Draco agamids for which
tissues were available to us. In the allozyme analysis, D.
haematopogon from Malay Peninsula, D. quinquefasciatus from
Borneo, D. volans volans and Aphaniotis fusca were excluded, be-
cause only one specimen was available for each. Of the species rec-
ognized by Musters (1983), D. fimbriatus, D. mindanensis and D.
spilopterus could not be examined in the present study.
DNA amplification and sequencing
Samples for DNA sequencing were prepared following the method
by Wada et al. (1992). The frozen tissues were powdered, and were
lysed in TE buffer (1 mM Tris-HCl 0.1 M EDTA, pH 8.0) containing
0.5% sodium dodecyl sulfate. After digesting samples with protein-
ase K (100 µg/ml) at 50°C for three hours, DNA was extracted with
phenol, and was precipitated in ethanol with an equal volume of 5.0
M ammonium acetate. Samples resuspended in TE buffer were fur-
ther purified by RNase digestion (20 µg/ml) at 37°C for one hour,
followed by ethanol precipitation.
A part of mitochondrial 12S and 16S rRNA genes were amplified
using the polymerase chain reaction (PCR) in a thermal cycler (Perkin-
Elmer Corp., Norwalk, USA) using primers L1091 (5'-AAACTG-
GGATTAGATACCCCACTAT-3') and H1478 (5'-GAGGGTGAC-
GGGCGGTGTGT-3'), and L2606 (5'-CTGACCGTGCAAAGGT-
AGCGTAATCACT-3') and H3056 (5'-CTCCGGTCTGAACTCAG-
ATCACGTAGG-3'), respectively (Kocher et al., 1989). The number-
ing system followed the human sequence (Anderson et al., 1981).
Table 1. Localities and sample sizes for samples used for DNA and allozyme analyses.
Sample Locality Allozyme (N) DNA (N) Abbreviation
Draco blanfordii blanfordii Peninsular Malaysia, Thailand 10 2 BL
D. cornutus Borneo 3 1 CR
D. dussumieri India 3 1 DS
D. haematopogon Peninsular Malaysia – 1 HMM
Borneo 7 1 HMB
D. lineatus beccarii Sulawesi 3 1 LNB
D. l. spilonotus Sulawesi 11 1 LNS
D. maculatus maculatus Thailand 8 1 MCM
D. m. haasei Thailand 21 3 MCH
D. maximus Borneo 2 1 MX
D. melanopogon Peninsular Malaysia, Thailand 18 1 MLM
Borneo 3 1 MLB
D. obscurus obscurus Borneo 7 1 OBO
D. o. formosus Peninsular Malaysia 20 1 OBF
D. quinquefasciatus Peninsular Malaysia – 1 QNM
Borneo 5 1 QNB
D. taeniopterus Thailand 20 2 TN
D. volans volans Java – 1 VV
D. v. sumatranus Peninsular Malaysia 15 2 VSM
Borneo 20 1 VMB
Ptyctolaemus phuwuanensis Thailand 10 1 PP
Aphaniotis fusca Peninsular Malaysia – 1 AF
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Amplification proceeded in 50 µl of 50 mM KCl, 10 mM Tris-HCl (pH
9.0), 0.1% Triton X-100, with 0.2 mM each dNTP, 50 pmol primer,
template DNA (5–50 µg) and 1 U Taq polymerase (Toyobo Co. Ltd.,
Osaka, Japan). The temperature regimen of 30 cycles was one minute
at 94°C, two minutes at 55°C, and three minutes at 72°C. Amplified
DNA was purified by electrophoresis in 0.8% agarose gel.
Nucleotide sequences were determined for both strands with a
dye terminator cycle sequencing FS Ready Reactions Kit and ABI
PRISM 377 DNA Sequencer (Perkin-Elmer Corp., Norwalk, USA),
using the primers described above.
Allozyme electrophoresis
A total of 20 loci encoding 14 enzyme systems were scored (Ap-
pendix 2). Enzyme nomenclature and enzyme commission numbers
followed the recommendations of the Nomenclature Committee of
the International Union of Biochemistry (IUBNC, 1984). The frozen
tissues were homogenized in equal volumes of 0.01 M Tris-HCl pH
7.1 buffer containing 0.001 M EDTA. Extracts of homogenates were
absorbed into paper wicks (Whatman No. 3), and were subjected to
the horizontal starch gel electrophoresis. Starch gels were prepared
using both Hydrolysed Potato Starch (Starch Art Corp., Smithville,
USA) and Starch-Hydrolysed (Connaught Lab., Ontario, Canada)
mixed in a 4:1 ratio at a starch concentration of 13%. The staining
procedure for specific enzymes followed those outlined by Shaw and
Prasad (1970), Harris and Hopkinson (1976) and Allendorf et al.
(1977). Genetic interpretations of allozyme data were based on crite-
ria developed by Selander et al. (1971). Allozyme designations fol-
lowed Murphy and Crabtree (1985).
Phylogenetic analyses
For DNA sequences, alignments were determined based on
maximum nucleotide similarity. Using the aligned sequences, we elimi-
nated gap sites and prepared a pairwise matrix of distance by Kimura’s
(1980) two-parameters model for transition/transversion bias. The
neighbor-joining (NJ) method (Saitou and Nei, 1987) was applied to
infer genetic relationships among OTUs on the basis of the distance
matrix. Degrees of supports for internal branches of each tree were
assessed by 1,000 bootstrap pseudoreplications (Felsenstein, 1985).
These analyses were performed by use of Clustal W (Thompson et
al., 1994)
Fig. 2. Aligned sequences of a 779 bp segment of the 12S and 16S rRNA gene sequence. The 16S rRNA gene sequence begins at the
asterisk. Dot indicates an identity with the first sequence; dash denotes gaps. See Table 1 for abbreviations.
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For allozyme data, Nei’s genetic distance coefficients (D) (Nei,
1978) were computed from observed electromorph frequencies. The
NJ method (Saitou and Nei, 1987) was applied to the computed dis-
tances. The degrees of support for branches were assessed by 1,000
times bootstrapping (Felsenstein, 1985). These analyses were per-
formed by use of PHYLIP 3.54c (Felsenstein, 1993).
The interpretation of bootstrap proportions (BPs) is still in a state
of uncertainty (see Felsenstein and Kishino, 1993; Hillis and Bull,
1993). We tentatively followed Shaffer et al. (1997), and considered
BPs≥90% as highly significant, 70≤BPs<90% as marginally signifi-
cant, and BPs<70% as constituting limited evidence of monophyly.
RESULTS
DNA analysis
Aligned sequences from two mitochondrial genes are
presented in Fig. 2. The 12S rRNA fragment consisted of 373
total aligned sites, 189 of which (50.7%) were variable. For
the 16S rRNA fragment, there were 406 total sites, 159 of
which (39.2%) were variable. Interspecific nucleotide replace-
ments within Draco varied from 48 base pairs (bp) (D.
haematopogon from Malay Peninsula versus D. melanopogon
from Borneo) to 120 bp (D. taeniopterus versus D. volans
volans). Nucleotide replacements between subspecies of D.
maculatus (D. m. maculatus versus D. m. haasei), D. volans
(D. v. volans versus D. v. sumatranus) and of D. lineatus (D. l.
beccarii and D. l. spilonotus) involved seven, 27 and 67 bp,
respectively. So, inter-subspecific nucleotide replacements
within D. lineatus were larger than those between a few com-
binations of different species. On the other hand, nucleotide
replacements between samples from Malay Peninsula and
Borneo were observed in 10, 29, 30 and 40 bp in D. v.
sumatranus, D. quinquefasciatus, D. melanopogon and D.
haematopogon, respectively. The values for the latter three
species were larger than those between subspecies of D.
maculatus or of D. volans (see above).
The NJ dendrogram derived from mitochondrial DNA dis-
Fig. 3. NJ dendrogram deriving from distance matrix from 12S and
16S rRNA sequence data. Numbers at branch indicate bootstrap pro-
portions (BPs) in 1,000 bootstrap pseudoreplications. Branches with-
out BP values were not supported in ≥50% of the replicates. Bar equals
0.1 Kimura two-parameter distance.
Table 2. Nei’s genetic distances between samples of Draco. See Table 1 for the abbreviations.
BL CR DS HMM LNB MCM MCH MX MLM MLB OBO OBF QNB TN VSM VMB PP
BL –
CR 1.13 –
DS 0.83 0.43 –
HMM 0.25 0.98 0.60 –
LNB 1.02 0.68 0.66 1.03 –
LNS 1.37 0.84 0.65 0.96 0.29 –
MCM 0.67 0.62 0.67 0.82 0.66 0.54 –
MCH 0.65 0.63 0.67 0.85 0.68 0.56 0.02 –
MX 0.95 0.57 0.77 1.30 0.96 1.11 0.58 0.53 –
MLM 0.30 0.91 0.66 0.27 0.93 0.95 0.66 0.66 1.00 –
MLB 0.35 0.84 0.64 0.32 0.80 0.83 0.59 0.56 1.11 0.11 –
OBO 0.36 1.24 0.95 0.33 1.09 1.38 0.85 0.81 1.08 0.43 0.54 –
OBF 0.35 1.19 0.82 0.26 1.07 1.22 0.75 0.71 1.07 0.30 0.37 0.07 –
QNB 0.51 0.44 0.48 0.85 0.62 0.89 0.29 0.30 0.33 0.74 0.70 0.79 0.82 –
TE 0.17 0.98 0.72 0.31 1.05 1.40 0.79 0.74 0.73 0.45 0.49 0.32 0.37 0.64 –
VSM 1.05 0.13 0.65 1.04 0.67 0.93 0.65 0.60 0.64 0.86 0.79 1.06 1.02 0.46 1.10 –
VSB 0.91 0.16 0.58 0.85 0.62 0.91 0.69 0.66 0.71 0.76 0.76 1.08 1.03 0.47 1.02 0.07 –
PP 1.77 2.00 1.59 1.86 2.45 2.42 1.76 1.60 2.28 2.26 2.45 1.76 1.80 1.71 1.53 1.66 1.64
tance matrix is shown in Fig. 3. The monophyly of Draco was
supported in all of the 1,000 bootstrappings (node I:
BP=100%). The ingroup formed a nearly trichotomous clus-
ter, which consists of D. cornutus–D. volans cluster (node II:
BP=100%), D. lineatus cluster (BP=97%) and a cluster ac-
commodating all the remaining species (BP=42%). The last
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cluster further split into D. dussumieri and the other (node III:
BP=73%). Within node III, D. blanfordii and D. maculatus, and
all the remaining species formed clusters (66%, 54%, respec-
tively), of which the latter further accommodated D. maximus
–D. obscurus–D. taeniopterus cluster (BP=54%), and D.
obscurus–D. taeniopterus cluster (node IV: BP=100%). All
conspecific samples exclusively constituted lowest clusters
with highly or marginally significant BPs.
Allozyme analysis
All of the 20 presumptive loci examined were polymor-
phic in the present 18 samples (Appendix 3). Table 2 pre-
sents pairwise comparisons of the Nei’s D values. Nei’s D
between two species of Draco varied from 0.13 (D. cornutus
versus D. v. sumatranus from Malay Peninsula) to 1.40 (D.
lineatus spilonotus versus D. taeniopterus). Intraspecific D in
D. lineatus showed higher value (0.29) than interspecific D
between D. cornutus and D. volans (0.13–0.16) or between
D. blanfordii and D. taeniopterus (0.17).
The NJ dendrogram constructed on the basis of D matrix
is shown in Fig. 4. As in the DNA analysis, the monophyly of
Draco was supported in highly significant BP value (node I:
BP=97%). The ingroup showed a large dichotomy into clus-
ters consisting of D. blanfordii, D. haematopogon, D.
melanopogon D. obscurus and D. taeniopterus (node V:
BP=70%), and of all the remaining species. In the latter, D.
dussumieri was first split to constitute a cluster by itself,
whereas the remainder was further divided into four lower clus-
ters that consist of D. volans and D. cornutus (node II:
BP=75%), D. maximus and D. quinquefasciatus (BP=53%),
two subspecies of D. lineatus (BP=78%), and of two subspe-
cies of D. maculatus (BP=86%).
DISCUSSION
Phylogenetic relationships of Draco
Our result indicates that the nucleotide replacements
between two subspecies of D. lineatus are larger than those
between a few combinations of different species. In the
allozyme analysis, genetic distance (D) also showed a high
value between the two subspecies. We also observed larger
nucleotide replacements between peninsular and Bornean
samples of D. haematopogon, D. melanopogon and D.
quinquefasciatus than between subspecies of D. maculatus
and D. volans. These suggest that those subspecies of D.
lineatus, and those populations of D. haematopogon, D.
melanopogon and D. quinquefasciatus are genetically differ-
entiated to the species and subspecies levels, respectively.
In both DNA (Fig. 3) and allozyme dendrograms (Fig. 4),
all conspecific samples were exclusively clustered into lowest
single nodes, most of which were supported in marginally to
highly significant BPs. At the level of BPs≥50%, the two den-
drograms showed only three conflicts in terms of branching
topology: (1) Draco blanfordii was exclusively clustered with
D. maculatus in the DNA dendrogram, whereas it composed
node V together with D. haematopogon, D. melanopogon, D.
obscurus and D. taeniopterus in the allozyme dendrogram;
(2) Draco maximus formed a cluster with node IV (D. obscurus
and D. taeniopterus) in the DNA dendrogram, whereas it was
exclusively closest to D. quinquefasciatus in the allozyme
dendrogram; (3) Draco haematopogon, D. maximus, D.
melanopogon, D. obscurus, D. quinquefasciatus and D.
taeniopterus formed an exclusive cluster in the DNA dendro-
gram, whereas the D. maximus–D. quinquefasciatus cluster
was distantly located from the cluster consisting of the other
species in the allozyme dendrogram. However, these den-
drograms were not in substantial conflict with each other in
nodes II–V that were defined in at least one of the dendro-
grams with significant BP values (BPs≥70%). Figure 5 shows
the combined tree sensu Hillis (1987) which incorporates both
DNA (as depicted in Fig. 3) and allozyme information (as de-
picted in Fig. 4). The monophyly of D. volans and D. cornutus
that constitute node II seems to deserve no doubt because
this is supported by both dendrograms with significant BPs.
As to other relationships, we recognized three clades (clades
α and β, and the D. obscurus–taeniopterus clade, correspond-
ing to nodes III, V and IV, respectively) to maximize phyloge-
netic resolution, although no single data set fully resolves the
relationships among OTUs. We advocate Hillis’ (1987) claim
that a greater portion of phylogeny can be ascertained by com-
bining two data sets than by analyzing a single data set.
As is mentioned above, Musters (1983) hypothesized the
Fig. 4. NJ dendrogram deriving from Nei’s (1978) distance (D) ma-
trix from allozyme data. Numbers at branch indicate BPs in 1,000
bootstrap replicates. Branches without BP values were not supported
in ≥50% of the replicates. Bar equals 0.1 D.
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primary dichotomy in Draco on the basis of morphological
characters. One of the two major clades in his phylogenetic
tree (Fig. 6) was characterized by outward-directed nostrils
and more or less developed nuchal crests (henceforth referred
to as Group A). In this group, D. fimbriatus was first diverged
from the remaining species (Group C). Although Group C con-
sisted of D. maculatus, D. lineatus, D. spilopterus and the D.
volans–D. cornutus cluster, their detailed relationships re-
mained uncertain.
The other major clade (Group B) was characterized by
upward-directed nostrils and the absence of distinct nuchal
crests. Draco dussumieri, the only species distributed in south-
ern India, was the first to diverge from the remaining species
(Group D). In Group D, a clade consisting of species with a
nuchal fold and six ribs in the patagium (Group E), and an-
other clade of those without a nuchal fold and with five pat-
agium ribs (Group F) collectively constituted a sister group to
the other clade (Group G), which was characterized by the
presence of a nuchal fold and five ribs in the patagium.
Phylogenetic relationships of Draco hypothesized on the
basis of DNA and allozyme analyses (Fig. 5) do not support
the monophyly of the Group A in Musters (1983) at all. Both
outward-directed nostrils and more or less developed nuchal
crests that characterize Musters’ Group A are considered to
be primitive, because these characters are common to
outgroups (Aphaniotis and Ptyctolaemus) as well. Thus, mono-
phyly of the Group A is not actually well supported on the
morphological ground, either. On the other hand, species of
Group B exclusive of D. dussumieri (i.e., Group D) are rela-
tively close to each other in clade α of our phylogram. Pres-
ences of two apparently synapomorphic characters in Group
B (i.e., upward-directed nostril and the absence of nuchal
crests) also seem to support the monophyly of those species,
although the possession of these characters by D. dussumieri
may represent convergence (Fig. 5: see below).
Clade α includes one Group A species (D. maculatus)
and all Group D species examined. Since only D. maculatus
has plesiomorphic characters (outward-directed nostrils and
developed nuchal crests), it is likely that the presumptive com-
mon ancestor of clade α resembled D. maculatus, and that
the first dichotomy within the clade α occurred between D.
maculatus and the remaining species.
In the present study, we could not infer detailed relation-
ships among the D. volans–cornutus clade, D. lineatus, D.
dussumieri and clade α with significant BPs. Such unresolved
nodes may have diverged through a rapid radiation. Consid-
ering that D. dussumieri and the clade α species formed a
cluster in the DNA dendrogram (BP=42%), it is probable that
D. dussumieri has diverged from a common ancestor with
clade α. This idea is circumstantially supported by the fact
that the geographical range of D. dussumieri (southern India)
is nearest, among ranges of the other congeneric species, to
Indo-China Peninsula where D. maculatus, the possible an-
cestral stock of the clade α (see above) occurs. We thus sus-
pect that the common ancestor of Draco had first diverged
into three groups which lead to the D. volans–cornutus clade,
D. lineatus, and a clade consisting of D. dussumieri and clade
α. The ancestors of these three clades might have been char-
acterized by the symplesiomorphies mentioned above.
Musters (1983) assumed a close relationship among the
species without enlarged scales on male gular pouches
Fig. 6. Phylogenetic tree of the genus Draco, proposed by Musters
(1983) on the basis of morphological characters and geographic
ranges. A, group of species characterized by outward-directed nos-
trils and more or less developed nuchal crests; B, group of species
characterized by upward-directed nostrils and absence of distinct
nuchal crests; C, group of species especially closely resembling each
other in A; D, Southeast Asian species in B; E, group of species char-
acterized by the presence of nuchal fold and six patagium ribs; F,
group of species characterized by the absence of nuchal fold and
presence of five patagium ribs; G, group of species characterized by
the presence of a nuchal fold and five patagium ribs.
Fig. 5. Phylogenetic tree of the genus Draco inferred by combina-
tion approach (Hillis, 1987) to consent and complement both DNA
(Fig. 3) and allozyme dendrograms (Fig. 4). Nodes are supported in
at least one of these dendrograms with BPs ≥70%. Clades α and β
correspond to nodes III and V, respectively.
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(Groups E and F). However, our results, while supporting the
monophyly of species with five ribs in the patagium (Groups F
and G: as clade β), negated the monophyly of Groups E and
F (see further discussion in Biogeography). Musters (1983)
also assumed the monophyly of Group G (D. blanfordii, D.
obscurus and D. taeniopterus) and Inger (1983) also noted
the morphological similarity among those species. Our results
support the monophyly of the latter two species, but not of the
whole Group G.
We could not examine D. fimbriatus, D. mindanensis and
D. spilopterus. Musters (1983) hypothesized close relation-
ships of D. mindanensis with D. haematopogon and D.
melanopogon (Group F). Inger (1983) pointed out the mor-
phological similarity of D. spilopterus with D. cornutus and D.
volans, and synonymized the former two with D. volans. These
suggest close affinities of D. mindanensis and D. spilopterus
with clade α and the D. volans–cornutus clade, respectively.
Biogeography
Based on the geographic patterns of endemisms, the
range of Draco can be divided into five areas: Area 1, south-
ern India; Area 2, Indo-China Peninsula; Area 3, Malay Pen-
insula and Greater Sunda Islands exclusive of Sulawesi; Area
4, Lesser Sunda Islands, Sulawesi and Maluk Islands; and
Area 5, Philippines (Fig. 1) (Lazell, 1987, 1992; Musters, 1983;
Ross and Lazell, 1990). Area 1 is isolated from the others
with a broad geographical gap. Areas 2 and 3 are also as-
signed to different provinces in zoogeographic classification
of Southeast Asia on the basis of other taxonomic groups (e.g.,
Lepidoptera: Holloway, 1987). In Area 3, Sumatra, Java and
Borneo are considered to have been parts of a peninsula pro-
jecting southward from Asian continent during the glacial pe-
riods of the Pleistocene (e.g., Dunn and Dunn, 1977; Heaney,
1991). Many mammalian species in this region are widely dis-
tributed, demonstrating dispersals across the Sunda Shelf
during those periods (Heaney, 1984). Between Areas 3 and
5, and Area 4 (between the islands of Bali, Borneo and
Mindanao in the west and north, and Lombok, Sulawesi and
Sangihe Islands in the east and south), there exist major bor-
ders of mammalian, butterfly and bird faunas (Wallace 1860,
but see Musser, 1987; Vane-Wright, 1991). This demarcation
is known as Wallace’s Line. Area 5 has a different geographic
history (Hall, 1996) and a high degree of herpetological ende-
micity (Alcala, 1986). Thus, our setting of five areas can be
tied in with geographic pattern illustrated by other faunas. We
discuss the zoogeography of Draco on the basis of recogni-
tions of these five areas.
Draco dussumieri is the only species distributed in Area
1, D. blanfordii, D. maculatus and D. taeniopterus in Area 2,
D. cornutus, D. fimbriatus, D. haematopogon, D. maximus, D.
melanopogon, D. obscurus and D. quinquefasciatus in Area
3, and D. mindanensis and D. spilopterus in Area 5. Of these,
D. blanfordii, D. maculatus, and D. taeniopterus also occur in
the northern part of Area 3, whereas D. obscurus is distrib-
uted in the southern part of Area 2 as well across the bound-
ary in Malay Peninsula. Draco lineatus is mainly distributed in
Area 4, but also occurs in the southeastern part of Area 3 and
the southern part of Area 5 as well. Draco volans has a widest
distribution which, while seemingly centering in Area 3, also
partially ranges in Areas 2, 4 and 5.
According to the phylogenetic relationships inferred
above, the presumptive ancestor of Draco seems to have first
diverged into three groups, the ancestors of the clade con-
sisting of D. dussumieri and clade α, the D. volans–cornutus
clade, and of the monotypic D. lineatus clade. The common
ancestor of D. dussumieri and clade α, supposedly resem-
bling D. maculatus (see above), should have originally been
distributed in Area 2, where D. maculatus almost exclusively
occurs. Accepting this, we can extend the assumption that
the primary divergence of Draco took place as a series of
vicariances among Areas 2, 3, and 4. The common ancestor
of D. dussumieri and clade α should have invaded to Area 1
from Area 2 to be isolated and diverged into D. dussumieri
subsequently.
After these primary diversifications, the common ances-
tor of clade α, originally distributed in Area 2, should have
invaded into Area 3 where it further diverged into several spe-
cies. Musters (1983) assumed that within Group D, Groups E
and F from Area 3, and Group G from Area 2 first differenti-
ated through vicariance, followed by the separation between
the Groups E and F within Area 3. However, our analyses
strongly suggested the monophyly of clade β (Groups F and
G), and further of the D. obscurus–taeniopterus clade. There-
fore, it seems more appropriate to consider that the common
ancestor of clade β had split from the other components of
clade α within Area 3, and that resultant ancestors of D.
blanfordii and D. taeniopterus independently dispersed into
Area 2. Invasion of the D. blanfordii lineage might have oc-
curred earlier than that of the D. taeniopterus lineage, because
the former has diverged into several subspecies within Area
2, whereas the latter is rather monomorphic (Musters, 1983).
The sister species relationship of the latter and D. obscurus
shown in our conbined tree (Fig. 5) lends a further support to
this view.
These range extensions seem to have been affected by
habitat preferences of lineages involved. During surveys from
1979 to 1997, we directly observed habitats of Draco in Areas
2 (Thailand), 3 (Peninsula Malaysia, Borneo and Sumatra)
and 4 (Sulawesi) (Honda et al., unpubl. data). Results indi-
cate that those species that are characterized by plesiomorphic
characters (outward-directed nostril and developed nuchal
crest, referred to as Group A in Musters, 1983: see above),
such as D. maculatus in Area 2, D. volans and D. cornutus in
Area 3, and D. lineatus in Area 4, inhabit open lowlands in-
cluding secondary forests, cultivated areas and even urban
sites. These species did not occur syntopically at all. On the
other hand, the species group with the apomorphic charac-
ters (Group B in Musters, 1983), such as D. blanfordii, D.
haematopogon, D. maximus, D. melanopogon, D. obscurus,
D. quinquefasciatus and D. taeniopterus in Area 2 and/or Area
3, were found only in deep, largely primary forests with fre-
quent syntopy (e.g., D. haematopogon, D. maximus and D.
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quinquefasciatus in Sabah; D. blanfordii and D. taeniopterus
in the central Malay Peninsula). Draco dussumieri also oc-
curs in deep forest in Area 1 (Sengoku, pers. comm.). Although
species belonging to these two groups were occasionally ob-
served together around the forest boarder, they seem to seg-
regate their major habitats in each area. Based on the fact
that only species with the plesiomorphic characters occur in
open environments, we assume that the common ancestor of
Draco emerged in such habitats. It is probable that the forest
dwelling members emerged after the dispersal of clade α an-
cestor from Areas 2 to 3 and then dispersed back to Area 2
where only open habitat dweller had occurred.
Interestingly, clade α are confined to Areas 2 and 3,
whereas the D. volans–cornutus clade and D. lineatus have
been spread in both Areas 3 and 4 across Wallace’s Line.
Considering these, one may argue that the separation of Ar-
eas 3 and 4 by sea occurred after the range extensions of the
latter two clades, but before the divergence of clade α. How-
ever, it would be also possible to attribute such differential
distributions to the differences in dispersal ability between
these two groups, because inhabitants of open habitats (such
as D. volans, D. cornutus and D. lineatus) would more easily
extend their ranges across the straits and/or temporary
landbriges than the deep forest dwellers (such as most spe-
cies of clade α). Detailed analyses of genetic variation among
populations of D. volans, D. cornutus and D. lineatus are
needed to assess these alternative hypotheses.
In Area 5, two endemic species, D. mindanensis and D.
spilopterus, are distributed. Of these, the former may have
possibly been derived from the ancestral form of clade α dis-
persed from Area 3. Draco spilopterus, on the other hand,
might have originated from the ancestor common with D.
volans and D. cornutus, but direction of dispersal remains
uncertain due to the current wide range of D. volans (see
above).
ACKNOWLEDGMENTS
We would like to thank M. Matsui, T. Hidaka, S. Panha, M. Ishii,
M. Kon, K. Araya, A. Mori, S. Furukawa, T. Hayashi, M. Toda, I. Miyagi,
T. Toma, H. Hasegawa, A. Miyata, T. Chan-Ard, R. Goh, R. F. Goh,
L. Saikeh, V. Chey, L. David, A. A. Hamid, C. J. Chong, S. Cheng, the
staff of the entomological section of the Forest Research Center,
Sepilok, the staff of National Park and Wildlife and Forest Research
Sections, Forest Department of Sarawak, and the staff of Hasanuddin
University Ujun Pandang, for providing us with various helps and en-
couragements during our fieldwork. We are also much indebted to S.
Sengoku for providing specimens of D. dussumieri, N. Nikoh and A.
Tagaya for their valuable suggestions with statistical analyses, and to
M. Toda, Y. Yasukawa, K. Satoh and S. Jones for their useful com-
ments on an early draft of the manuscript. Special thanks are due N.
Satoh for continuous support for our laboratory experiments.
Honda, Ota and Hikida are especially grateful to T. Hidaka, M.
Matsui and I. Miyagi for providing opportunities to visit Malaysia and
Thailand. Our research was partially supported by the Grants-in-Aid
from Japan Ministry of Education, Science, Sports and Culture (Over-
seas Researches Nos. 404326, 60041037, 61043033, 62041049,
63043037, 01041051, 02041051 and 03041044 to T. Hidaka,
04041068, 06041066 and 18041144 to M. Matsui, and 03041065 to
I. Miyagi).
REFERENCES
Alcala AC (1986) Guide to Philippine Flora and Fauna. Vol 10. Am-
phibians and Reptiles, JMC Press, Quezon City
Allendorf FW, Mitchell N, Ryman N, Stahl G (1977) Isozyme loci in
brown trout (Salmo tutta L): detection and interpretation from
population data. Heredities 86: 179–190
Anderson S, Bankier AT, Barrell BG, de Bruijin MHL, Coulson AR,
Droun J, Eperon IC, Nierlich DP, Roe BA, Sanger F, Schreier
PH, Smith AJH, Staden R, Young IG (1981) Sequence and orga-
nization of the human mitochondrial genome. Nature 290: 457–
465
Bartlett E (1894) The crocodiles and lizards of Borneo in the Sarawak
Museum, with descriptions of supposed new species, and the
variation of colours in the several species during life, Kuching,
pp 73–96
Boulenger GA (1885) Catalogue of the Lizards in the British Museum
(Nat Hist). 2nd ed 1, London
Colbert EH (1967) Adaptations for the gliding in the lizard Draco. Am
Mus Novitates 2283: 1–20
de Rooij N (1915) The Reptile of Indo-Australian Archipelago I:
Lacertillia, Chelonia, EJ Briil, Leiden
Dunn FL, Dunn DF (1977) Maritime adaptations and exploitation of
marine resources in Sundaic Southeast Asian prehistory. Mod-
ern Quat Res Southeast Asia 3: 1–28
Fitzinger LI (1843) Systema Reptilium. Fasciculus primus.
Amblygossae, Baumuller and Seidel, Wien
Felsenstein J (1985) Confidence limits on phylogenies: an approach
using the bootstrap. Evolution 39: 783–791
Felsenstein J (1993) PHYLIP (Phylogeny interface package) Ver 3.5c,
Distributed by author, Dept Genetics Univ Washington, Seattle
Felsenstein J, Kishino H (1993) Is there something wrong with the
bootstrap on phylogeny? A reply to Hillis and Bull. Syst Biol 42:
193–200
Günther ACLG (1864) The Reptiles of British India, Ray Society, Lon-
don
Hall R (1996) Reconstructing Cenozoic SE Asia. In “Tectonic Evolu-
tion of Southeast Asia” Ed by R Hall, D Blundell, Geological So-
ciety, London, pp 153–184
Harris H, Hopkinson DA (1976) Handbook of Enzyme Electrophore-
sis in Human Genetics, North Holland Publ Co, Amsterdam
Heaney LR (1984) Mammalian species richness on islands on the
Sunda Shelf, Southeast Asia. Oecologia 61: 11–17
Heaney LR (1991) A synopsis of climatic and vegetational change in
Southeast Asia. Climate Change 19: 53–61
Hedges SB, Bezy RL, Maxson LR (1991) Phylogenetic relationships
and biogeography of xantusiid lizards, inferred from mitochon-
drial DNA sequences. Mol Biol Evol 8: 767–780
Hedges SB, Bezy RL (1993) Phylogeney of xantusiid lizards: con-
cern for data and analysis. Mol Phyl Evol 2: 76–87
Hennig W (1936) Revision der gattung Draco (Agamidae). Temminckia
1: 153–220
Hillis DM (1985) Evolutionary genetics of the Andean lizard genus
Pholidobolus (Sauria: Gymnophthalmidae): phylogeny, biogeog-
raphy, and a comparison of tree construction techniques. Syst
Zool 34: 109–126
Hillis DM (1987) Molecular versus morphological approaches to sys-
tematics. Ann Rev Ecol Syst 18: 23–42
Hillis DM, Bull JJ (1993) An empirical test of bootstrapping as a method
for assessing confidence in phylogenetic analysis. Syst Biol 42:
182–192
Holloway JD (1987) Lepidoptera patterns involving Sulawesi: what
do they indicate of past geography? In “Biogeographical Evolu-
tion of the Malay Archipelago” Ed by TC Whitmore, Clarendon
M. Honda et al.546
Press, Oxford, pp 103–118
Honda M, Kobayashi M, Yong HS, Ota H, Hikida T (1999) Taxonomic
re-evaluation of the status of Draco cornutus Günther, 1864 (Rep-
tilia: Agamidae). Amphibia-Reptilia, in press
IUBNC (International Union of Biochemistry Nomenclature Commit-
tee) (1984) Enzyme Nomenclature, 1984. Academic Press, New
York
Inger RF (1983) Morphological and ecological variation in the flying
lizards (genus Draco). Field Zool New Ser 18: 1–35
Kimura M (1980) A simple method for estimating evolutionary rate of
base substitutions through comparative studies of nucleotide
sequences. J Mol Evol 16: 116–120
Kocher TD, Thomas WK, Meyer A, Edwards SV, Pääbo S, Villablanca
FX, Wilson AC (1989) Dynamics of mitochondrial DNA evolution
in animals: amplifications and sequencing with conserved prim-
ers. Proc Nat Acad Sci USA 86: 189–191
Kupriyanova LA (1984) Karyotypes of three species of the agamid
lizards. In “Ecology and Faunistics of Amphibians and Reptiles
of the USSR and Adjacent Countries” Ed by LJ Borkin, Zool Inst
Acad Sci, Lenigrad, pp 115–118 (in Russian with English sum-
mary)
Lazell J (1987) A new flying lizard from the Sangihe Archipelago,
Indonesia. Breviora 488: 1–9
Lazell J (1992) New flying lizards and predictive biogeography of two
Asian archipelagos. Bull Mus Comp Zool 15: 475–505
Linnaeus C (1758) Systema Naturae 1. Editio Decima, Reformata
(Holmiae, fasc reprint Bri Mus Nat Hist, London 1939)
Moody SM (1980) Phylogenetic and historical biogeographical rela-
tionships of the genera in family Agamidae (Reptilia: Lacertilia).
Unpubl PhD dissertation, Univ Michigan. Ann Arbor, Michigan
Moody SM, Hutterer HR (1978) Karyotypes of the agamid lizard
Lyriocephalus scutatus (L, 1758), with a brief review of the chro-
mosomes of the lizard family Agamidae. Bonn Zool Beitr 29: 165–
170
Murphy RW, Crabtree CB (1985) Evolutionary aspects of isozyme
patterns, number of loci, and tissue-specific gene expression in
the prairie rattlesnake, Crotalus viridis viridis. Herpetologica 41:
451–470
Musser GG (1987) The Mammals of Sulawesi, Clarendon Press,
Oxford
Musters CJM (1983) Taxonomy of the genus Draco L (Agamidae,
Lacertilia, Reptilia). Zool Verh 199: 1–120
Nei M (1978) Estimation of average heterozygosity and genetic dis-
tance from a small number of individuals. Genetics 89: 583–590
Ota H (1988) Karyotypic differentiation in an agamid lizard, Japalura
swinhonis swinhonis. Experientia 44: 66–68
Ota H, Hikida T (1989) Karyotypes of three species of the genus Draco
(Agamidae: Lacertilia) from Sabah, Malaysia. Jpn J Herpetol 1:
1–6
Ota H, Matsui M, Hikida H, Mori A (1992) Extreme karyotypic diver-
gence between species of the genus Gonochephalus (Reptilia:
Squamata: Agamidae) from Borneo and Australia. Herpetologica
48: 120–124
Reeder TW (1995) Phylogenetic relationships among phrynosomatid
lizards as inferred from mitochondrial ribosomal DNA sequences:
substitutional bias and information content of transitions relative
to transversions. Mol Phyl Evol 4: 203–222
Ross CA, Lazell J (1990) Amphibians and reptiles of Dinagat Siargo
Islands, Philippine. Philippine J Sci 119: 257–286
Saitou N, Nei M (1987) The neighbor-joining method: a new method
for reconstructing phylogenetic trees. Mol Biol Evol 4: 406–425
Schlegel H (1844) Abbilidungen neuer oder unvollst?ndig bekannter
Amphibien, nach der Natur oder dem Leben entworfen, Arns and
Comp, Dusseldorf
Selander RK, Smith MH, Yang SY, Johnson WE, Gentry JB (1971)
Biochemical polymorphism and systematics in the genus
Peromyscus. I. Variation in the old-field mouse (Peromyscus
polionotus). Stud Genet VI, Univ Texas 7103: 49–90
Shaffer HB, Meylan P, McKnight ML (1997) Tests of turtle phylogeny:
molecular, morphological, and paleontological approaches. Syst
Biol 46: 235–268
Shaw RC, Prasad R (1970) Starch gel electrophoresis of enzymes—
a complication of recipes. Biochem Genet 4: 297–320
Sokolovsky VV (1974) A comparative karyological study of the liz-
ards of the family Agamidae I. Chromosome complements of 8
species of the genus Phrynocephalus (Reptilia, Agamidae).
Tsitologiya 16: 920–925
Taylor EH (1963) The lizards of Thailand. Univ Kansas Sci Bull 44:
687–1077
Thompson JD, Higgins DG, Gibson, TJ (1994) CLUSTAL W: improv-
ing the sensitivity of progressive multiple sequence alignment
through sequence weighting, position specific gap penalties and
weight matrix choice. Nucl Acids Res: 4673–4680
Vane-Wright RI (1991) Transcending the Wallace Line: do the west-
ern edges of the Australian Region and the Australians Plate
coincide? Aust Syst Bot 4: 183–197
Wada H, Makabe KW, Nakauchi M, Satoh N (1992) Phylogenetic
relationships between solitary and colonial ascidians, as inferred
from the sequence of the central region of their respective 18S
rDNA. Biol Bull 183: 448–455
Wallace AR (1860) On the zoological geography of the Malay Archi-
pelago. J Linn Soc Zool 4: 172–184
Wiley EO (1981) The Theory and Practice of Phylogenetic Systemat-
ics, John Wiley and Sons, Canada
(Received November 18, 1998 / Accepted February 19, 1999)
Phylogenetic Relationships of Draco 547
Appendix 1. Catalogue number of specimens examined in this study. *: both for allozyme and DNA analyses; **: only for DNA analysis.
Draco blanfordii blanfordii: Kaki Bukit, Peninsular Malaysia, KUZ 22138, 22141, 22147, 22162–63, 27670; Khao Sok, Thailand, 32781; Erawan,
Thailand, 35322*; Pa Lao U, Thailand, 35412, 35416; Khao Chang, Thailnad, 37834**.
D. cornutus: Sepilok, Sabah, 9105; Lambir, Sarawak, 12850*; Matang, Sarawak: 16004.
D. dussumieri: Kerala, India, 35183–84, 35185*.
D. haematopogon (Malay Peninsula): Bukit Larut, Peninsular Malaysia, 21250**.
D. haematopogon (Borneo): Niah, Sarawak, 12743, 12744*, 12777, 12790; Lambir, Sarawak, 12815, 12856, 27021.
D. lineatus beccarii: Maros, Sulawesi, 20841*, 20842-43.
D. l. spilonotus: Dumoga, Sulawesi, 18570–71, 21009, 21063, 21082; Maros, Sulawesi, 21064; Monado, Sulawesi, 20967–70, 20971*.
D. maculatus maculatus: Ko Samui, Thailand, 32655, 32659, 32674, 32690*, 32691, 32693, 32711–12.
D. m. haasei: Khao Srabab, Thailand, 35612, 35743; Ko Chang, Thailand, 35452–53, 35456, 35458*, 35459*, 35460, 35475, 35477, 35478*,
35479–80, 35482–85, 35488, 35492–93, 35495, 35498.
D. maximus: Lambir, Sarawak, 12844, 27014*.
D. melanopogon (Malay Peninsula): Gombak, Peninsular Malaysia, 16054, 16056, Penang Island, Peninsular Malaysia, 21183-86; Tempelar
Park, Peninsular Malaysia, 21520–23, 22067–68, 22072; Khao Luang, Thailand, 27643–46, 27647*, 27648–49.
D. melanopogon (Borneo): Matang, Sarawak, 16002; Niah, Sarawak, 12755*; Sabah (detailed loc. unknown), 21541.
D. obscurus obscurus: Lundu, Sarawak, 27084*, Matang, Sarawak, 12416, 12879–80, 12883, 27230, 27231.
D. o. formosus: Bukit Larut, Peninsular Malaysia, 21249; Gombak, Peninsular Malaysia, 16010, 16014, 16018, 16038–42, 21485–86, 21504,
21512; Penang Island, Peninsular Malaysia, 21188–21189; Tempelar Park, Peninsular Malaysia, 21515, 22069, 22076; Gunong Jerai,
Peninsular Malaysia, 22178, 22180*, 22250.
D. quinquefasciatus (Malay Peninsula): Gombak, Peninsular Malaysia, 22032**.
D. quinquefasciatus (Borneo): Niah, Sarawak, 12757, 12776, 12796; Matang, Sarawak, 16006; Lundu, Sarawak, 27069*.
D. taeniopterus (Malay Peninsula): Kaki Bukit, Peninsular Malaysia, 22161*, 22164, Chanthaburi, Thailand, 32842, 32846–47, 32850–52; Khao
Soi Dao, Thailand, 35525, 35527, 35529, 35538, 35563, 35576, 35607, 35610, 35613, 35617, 35618*, 35619.
D. volans volans: Borobudur, Java, 38831**.
D. v. sumatranus (Malay Peninsula): Gombak, Peninsular Malaysia, 16037, 21499*, 21500; Janda Baik, Peninsular Malaysia, 21460; Penang
Island, Peninsular Malaysia, 21179–21181, 22288–91, 22293–94, 22296, 22297*, 22298.
D. v. sumatranus (Borneo): Kuching, Sarawak, 26003, 26010; Matang, Sarawak, 12903, 12905, 12907, 12911–13, 12918–19, 27171, 27186,
27217, 27218*, 27222; Lundu, Sarawak: KUZ 27070–71, 27073–74, 27076.
Ptyctolaemus phuwuanensis: Phu Wua, Thailand, 40221–23, 40226–27, 40409, 40353, 40355*, 40356, 40566.
Aphaniotis fusca: Mimaland, Peninsular Malaysia, 22062**.
Appendix 2. Enzyme, loci and buffer systems used in the present study.  Mitochondrial and superna-
tant loci, determined on the basis of anodal/cathodal criterion following Harris and Hopkinson (1976), are
denoted by “m” and “s”, respectively.
Enzyme commission BufferEnzyme
number
Locus Condition*
Aspartate aminotransferase 4. 2. 1. 3 mAat-A TBE
sAat-A TBE
Non-specific esterase — Est-1 TC7
Fumarate hydratase 4. 2. 1. 2 Fum-A TBE
Glycerol-3-phosphate dehydrogenase 1. 1. 1. 8 G3pdh-A TC8
Glucose phosphate isomerase 5. 3. 1. 9 Gpi-A TC7
D-3-hydrooxybutyrate dehydrogenase 1. 1. 1. 30 Hbdh-A TC7
Isocitrate dehydrogenase 1. 1. 1. 42 mIcdh-A CAPM6.1
sIcdh-A CAPM6.1
Lactate dehydrogenase 1. 1. 1. 27 Ldh-A CAPM6.1
Ldh-B CAPM6.1
Malate dehydrogenase 1. 1. 1. 37 mMdh-A CAPM6.1
sMdh-A CAPM6.1
Mannose phosphate isomerase 5. 3. 1. 8 Mpi-A Li-OH
Nucleoside phosphrylase 2. 4. 2. 1 Np-1 Li-OH
Peptidase (leu-ala substrate) 3. 4. 11 Pep-A Li-OH
(leu-gly-gly substrate) 3. 4. 11 Pep-C Li-OH
(leu-pro substrate) 3. 4. 11 Pep-D Li-OH
Phosphoglyceromutase 2. 7. 5. 1 Pgm-A TBE
Superoxide dismutase 1. 15. 1. 1 Sod-1 TC8
*: TC7 = Tris-citrate pH 7.0; TC8 = Tris-citrate pH 8.0; TBE = Tris-borate-EDTA pH 8.7; CAPM6.1 = Citric
acid-Aminopropyl morpholin pH 6.1; Li-OH = Lithium Hydroxide pH 8.1.
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Appendix 3. Electromorph freqencies, mean number of alleles per locus (A), percnt loci polymorphic (P, no criterion), and mean heterozygos-
 abbreviations of samples.
BL CR DS HMM LNS LNB MCM MCH MX MLM MLB OBO OBF
Locus (N=10) (N=3) (N=3) (N=7) (N=3) (N=11) (N=8) (N=21) (N=2) (N=18) (N=3) (N=7) (N=20)
mAat-A d 1.000 d 1.000 d 1.000 c 0.429 d 1.000 d 1.000 d 1.000 d 1.000 d 1.000 d 1.000 d 1.000 c 1.000 b 0.450
d 0.571 c 0.500
d 0.050
sAat-A c 1.000 c 0.167 d 1.000 b 0.429 d 1.000 d 1.000 d 1.000 c 0.048 c 1.000 c 0.722 c 1.000 b 0.714 b 0.925
e 0.833 c 0.571 d 0.952 d 0.278 c 0.286 c 0.075
Est-1 b 1.000 a 0.167 b 1.000 b 0.857 d 1.000 d 1.000 a 1.000 a 0.952 e 1.000 b 1.000 b 1.000 c 1.000 b 0.175
b 0.500 c 0.143 b 0.048 c 0.825
e 0.333
Fum-A a 1.000 a 1.000 a 1.000 a 1.000 a 1.000 a 1.000 a 1.000 a 1.000 a 1.000 a 1.000 a 1.000 a 1.000 a 1.000
G3pdh3- b 1.000 c 1.000 c 1.000 c 1.000 b 0.500 b 0.045 b 1.000 a 0.238 b 1.000 c 1.000 c 1.000 a 0.857 a 0.875
c 0.500 c 0.955 b 0.667 b 0.143 b 0.125
c 0.095
Gpi-A c 0.950 b 0.833 c 1.000 c 1.000 c 1.000 c 0.955 b 0.125 b 0.048 c 0.500 c 0.028 d 1.000 c 0.929 b 0.025
d 0.050 c 0.167 d 0.045 c 0.813 c 0.952 d 0.500 d 0.972 e 0.071 c 0.525
d 0.063 d 0.450
Hbdh-A b 0.950 c 1.000 c 1.000 b 1.000 c 1.000 c 1.000 c 1.000 b 0.119 c 1.000 b 0.056 b 0.667 c 1.000 b 0.088
c 0.050 c 0.881 c 0.944 c 0.333 c 0.912
mIcdh-A d 1.000 c 1.000 c 1.000 d 1.000 e 1.000 b 1.000 c 1.000 c 1.000 c 1.000 d 1.000 d 1.000 d 1.000 d 1.000
sIcdh-A f  1.000 e 1.000 e 1.000 f 1.000 c 1.000 b 0.222 f  1.000 d 0.200 e 1.000 f  1.000 f  1.000 f  1.000 b 0.050
d 0.389 f 0.800 d 0.100
f  0.111 f  0.850
g 0.278
Ldh-A e 0.750 b 1.000 b 0.333 g 1.000 d 1.000 d 1.000 e 1.000 e 1.000 g 1.000 f 1.000 f 1.000 g 1.000 g 1.000
g 0.250 d 0.667
Ldh-B b 1.000 a 0.833 a 1.000 a 1.000 a 0.333 a 0.864 a 0.375 a 0.048 b 1.000 b 1.000 b 1.000 b 1.000 b 1.000
b 0.167 b 0.667 b 0.136 b 0.625 b 0.952
mMdh-A c 1.000 a 1.000 a 1.000 c 1.000 a 1.000 b 1.000 c 1.000 c 1.000 a 1.000 c 1.000 c 1.000 c 1.000 c 1.000
sMdh-A c 0.050 d 0.670 e 1.000 e 1.000 e 1.000 e 1.000 e 1.000 b 0.238 b 1.000 b 0.028 e 1.000 e 1.000 e 1.000
e 0.950 e 0.333 e 0.762 e 0.972
Mpi-A c 1.000 e 0.500 e 1.000 e 1.000 e 0.333 e 1.000 e 1.000 e 1.000 b 1.000 d 0.028 e 1.000 d 1.000 b 0.025
f 0.500 e 0.667 e 0.972 d 0.100
e 0.875
Np-1 b 1.000 c 1.000 a 1.000 b 1.000 d 1.000 d 1.000 c 1.000 c 1.000 c 1.000 b 0.899 b 0.833 b 1.000 b 1.000
c 0.111 d 0.167
Pep-A a 1.000 b 1.000 a 1.000 a 1.000 b 1.000 b 1.000 b 1.000 b 1.000 b 1.000 a 0.912 a 0.167 a 1.000 a 1.000
b 0.088 b 0.833
Pep-B a 0.650 a 0.333 b 1.000 a 1.000 a 1.000 a 0.636 a 0.500 a 0.310 a 0.500 a 0.944 a 0.500 a 0.583 a 0.579
b 0.350 b 0.666 b 0.364 b 0.500 b 0.690 b 0.500 b 0.056 b 0.500 b 0.417 b 0.421
Pep-D b 1.000 b 1.000 b 1.000 b 0.929 b 1.000 a 1.000 a 1.000 a 1.000 a 1.000 b 0.528 b 1.000 b 1.000 b 1.000
c 0.071 c 0.472
Pgm-A b 1.000 b 1.000 b 1.000 b 1.000 a 1.000 a 1.000 b 1.000 b 1.000 b 1.000 b 1.000 b 1.000 b 1.000 b 1.000
Sod-1 e 1.000 f 1.000 a 0.167 e 1.000 f 1.000 f 1.000 f 1.000 c 0.042 c 1.000 e 1.000 e 1.000 e 1.000 e 0.950
c 0.833 e 0.048 f 0.050
f  0.929
A 1.25 1.40 1.10 1.20 1.15 1.35 1.20 1.60 1.10 1.45 1.20 1.20 1.70
P 25 35 10 20 15 25 15 50 10 45 20 20 50
H 0.025 0.067 0.017 0.007 0.083 0.041 0.019 0.065 0.050 0.031 0.050 0.061 0.096
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ity (H, direct count) in Draco. See Table 1 for the
QNB TN VSM VMB PP
(N=5) (N=20) (N=15) (N=20) (N=10)
d 1.000 d 1.000 d 1.000 d 1.000 a 1.000
c 0.800 c 1.000 c 0.133 c 0.100 a 1.000
d 0.200 e 0.867 e 0.900
a 0.400 a 0.575 b 0.200 b 0.775 a 1.000
b 0.600 b 0.425 c 0.600 c 0.225
e 0.200
a 1.000 a 1.000 a 1.000 a 1.000 b 1.000
b 1.000 b 1.000 c 1.000 c 1.000 d 1.000
c 1.000 b 0.025 a 0.600 a 0.025 c 1.000
 c 0.975 b 0.400 b 0.650
c 0.325
c 1.000 b 1.000 b 0.200 b 0.200 a 1.000
c 0.800 c 0.800
c 1.000 d 1.000 c 1.000 c 0.778 a 1.000
e 0.222
d 0.200 e 1.000 d 0.733 a 0.075 d 1.000
f  0.800 f  0.267 d 0.725
f  0.200
e 1.000 g 1.000 a 0.167 b 1.000 c 1.000
b 0.844
a 0.300 b 1.000 a 0.300 a 0.425 c 1.000
b 0.700 b 0.700 b 0.575
a 1.000 c 1.000 a 1.000 a 0.975 e 1.000
d 0.025
e 1.000 c 0.050 d 0.633 d 0.075 a1.000
e 0.950 f  0.367 f  0.925
b 1.000 b 0.050 e 1.000 e 1.000 a 1.000
d 0.950
c 1.000 a 0.200 c 1.000 c 1.000 e 1.000
b 0.800
b 1.000 a 1.000 a 0.100 a 0.250 a 1.000
b 0.900 b 0.750
a 0.333 a 0.400 a 0.433 a 0.800 b 1.000
b 0.667 b 0.600 b 0.576 b 0.200
b 1.000 b 1.000 b 1.000 b 1.000 d 1.000
b 1.000 b 1.000 b 1.000 b 1.000 b 1.000
c 0.700 e 1.000 d 0.033 d 0.175 b 1.000
f  0.300 f  0.967 e 0.825
1.30 1.30 1.60 1.70 1.00
30 30 55 60 0
0.040 0.050 0.113 0.120 0.000
